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Abstract

Exoskeletons are wearable structures that support and assist movement, or augment the capabilities of the human body. These functionalities could
theoretically assist bystanders or rescuers performing manual chest compressions during out-of-hospital cardiac arrest, as this emergency proce-
dure is prone to physical exhaustion. Compressions are an intense muscular effort involving a dynamic muscular pattern with conflicting postural
constraints. Rescuer fatigue sets in rapidly, leading to postural instability and a lack of mechanical power delivered by the arms to the patient’s torso,

which affects hemodynamic efficiency.

Physical augmentation and postural stabilization are two functions that could be provided by an exoskeleton during cardiopulmonary resuscitation.
This device would combine the advantages of manual and mechanical chest compressions, bypassing anthropometric parameters such as the res-
cuer’s aerobic capacity and muscle mass to maintain efficient chest compressions, and avoiding the negative issues associated with over-assistance
through a servomotor function. This concept paper examines the specifications of an ideal theoretical device in this context, noting the potential tech-

nical difficulties and barriers to implementation.
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Introduction

Exoskeletons may represent appealing valuable devices to mechan-
ically assist, through a physical augmentation, manual chest com-
pressions performed by bystanders during out-of-hospital cardiac
arrest. This technology has shown to solve many constraints related
to fatigue and exertion in repetitive industrial tasks, as they can com-
pensate and increase human muscle strength and stabilize gait. To
this day, a multitude of models are routinely used in the industrial
field to prevent musculoskeletal disorders and reduce the risk of inju-
ries to the back or shoulders during bending or lifting heavy loads,
therefore improving comfort and productivity. Beside this human
power augmentation function, exoskeletons can also serve haptic
purposes and are present in the medical field, mostly in physical
medicine for gait, lower and upper limb rehabilitation.

These devices are divided into two categories: they can be either
passive or active. Passive exoskeletons include shock absorbers,
springs and elastics that store the energy harvested by the user’s
movement to maintain a posture or facilitate movement. Active
exoskeletons, on the contrary, are electromechanical structures
using an external drive (electric, pneumatic or hydraulic) to augment
or strengthen a movement with a dynamic control and/or retro-
control system. In this concept paper, we will evoke the potential eli-
gibility and benefits of exoskeletons as devices for chest compres-
sion assistance during out-of-hospital cardiac arrest (OHCA).

Chest compression require mechanical power

In OHCA, chest compression are critical gestures mainly performed
manually by bystanders or rescuers in a kneeling position, with the
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patient lying on the floor. Despite their apparent Simplicity2 (immedi-
ate availability, adaptability to field conditions, no need for extra
equipment), manual compressions are often ineffective and out of
the objectives of ILCOR recommendations.”® These pitfalls in the
early phase of resuscitation directly influence the next links in the
survival chain: when the chest is compressed too slowly, too rapidly,
too much, too little, or with interruptions, probability of defibrillation
success, return of spontaneous circulation, survival rates and favor-
able neurological outcomes are negatively affected.*®

It is estimated that a rescuer has to deliver, for each compression
and under the right angle, a mean force of 500 Newtons® to the chest
to convert mechanical energy into a minimal efficient circulation. Fail-
ure to achieve such an intense effort can be related to three factors:
the environment, the anthropometry of the patient and the cognitive
and physical (muscular and aerobic performances) abilities of the
rescuer. Chest compressions are repetitive, strenuous and stressful
efforts that begin under temporal pressure and without warm-up.
Clearly, rescuers with fitness and aerobic capacity (as provided by
Emergency Medical Services (EMS)) are prone to more successful
compliance with compression guidelines.'®'" Nevertheless, even
in trained populations, muscular performance follows a rapid (and
nonlinear) decremental slope. Exertion is often unrecognized, sug-
gesting that human factors and cognitive biases (e.g. surprise effect,
affective considerations) may also influence the rescuer’s represen-
tation of their own performance. Fatigue may affect compression
rate, hand position, appropriate chest depth and overall positioning
during CPR.? As guidelines state to switch operators every two min-
utes, in many circumstances CPR will be initiated by a lonesome
bystander with no training and/or a lack of muscular / aerobic capa-
bilities, waiting for emergency services without the possibility of sub-
stitution by another operator.

Chest compression require postural
stabilization

From a biomechanical perspective, chest compressions represent a
brutal effort and engage a complex and paradoxical interplay of a
large number of muscular and joint functional units, with a strong
need for sensorimotor coordination. The alternation of rapid com-
pressions and decompressions shifts the rescuer’s center of gravity,
creating a conflict between the need for strong postural control, mus-
cular cladding and the need of sufficient mobility in the rescuer’s
torso.'? Therefore, chest compressions induce a complex muscular
activity pattern for the rescuer with many areas endorsing a high
mechanical load.

For example, the abdominal-lumbar region and back muscles are
heavily engaged. Up to 1400 Newtons (N) are transmitted to interver-
tebral disks at each compression'® to allow the arms to exert the
greatest possible force to the patient’s thorax via a vertical vector.
In addition, some muscle groups, such as the erector spinae, are
never at rest during the alternation of compression and decompres-
sion. Paraspinal muscles allow the rescuer’s torso to return to the
starting position during decompression, but they also have an ago-
nistic, synergistic/co-contraction role during the push-down.'* They
reinforce and stabilize the rescuer’s pelvis and lumbar spine during
the compression phase by counteracting the action of the psoas
muscle, which tends to exacerbate lobar lordosis. This stabilization
functionality allows us to understand the high prevalence of back

disorders among EMS rescuers for example, and why loss of postu-
ral during CPR leads to a lack of performance.'?

Could exoskeletons assist muscular strength
and postural during chest compressions?

The literature on the topic is scarce. We found only one article in the
literature proposing to support chest compressions with a passive
exoskeleton (none with an active skeleton). In one promising simula-
tion study, rescuers wore a passive exoskeleton that was already
commercially available and not dedicated to the specific task of chest
compressions. The devices somehow improved back muscle activity
and reduced back strain in both the thoracic and lumbar region.'®

In the line with these concepts and results, we believe there is an
area of research for engineers, doctors and designers to explore the
potential benefits of transferring some of the rescuer's mechanical
power to an exoskeleton. From a classification point of view, it would
mean creating a new hybrid category between manual compression
and mechanical devices (automated, such as the LUCAS™ or man-
ual, such as the Cardiopump™).

Ideally, the device would be lightweight, readily available and
easy to use, with an architecture that mimics human anatomy, allow-
ing it to be used with little or no prior training. It would allow the user
to apply adequate compression to the sternum without applying
excessive force that could lead to visceral or skeletal damage, with
servo control and modulation of compression force, depth and
frequency, for example. Compression force variation during the
procedure would also be controlled, as this is also an independent
risk factor for chest injury. Any alteration in chest wall mechanics
should be avoided as it will compromise optimal intrathoracic
hemodynamics.'®

In addition to providing muscular power to the upper limbs, the
exoskeleton could also passively or actively support postural,
thereby improving balance and preventing lumbar disorders in first
responders.'” If all these requirements can be met, the exoskeleton
could combine the benefits of mechanical compression with a
human-centered motor servo-control device, without the pitfalls of
each category.

Expected difficulties in developing an
exoskeleton dedicated to chest compressions

To date, we have identified many limitations that need to be investi-
gated technically and clinically before such a device can be consid-
ered for chest compression support.

Issues related to the procedure

Chest compressions are a dynamic and cyclical movement that
places a high mechanical load on several of the rescuer’s joints for
prolonged periods of time, especially in out-of-hospital cardiac arrest
while waiting for emergency services to arrive. The rapid change
between compression and decompression creates many conflicts
regarding postural preservation.

As fatigue is known to occur rapidly in the arms '°, there is no
data on which specific muscle group would benefit most from the
exoskeleton. Attention should be paid to possible interference with
accessory muscles, such as the paraspinal and pelvic muscles,
which are also active at times during both the compression and



RESUSCITATIONPLUS 22 (2025) 100871 3

decompression phases. Such interference could affect the user’s
postural and balance.

The device should not interfere with the decompression phase
and allow the operator to regain the initial position to prepare for
the next cycle. Decompression could also benefit from assistance,
as the paraspinal and lumbar muscles are very active during this
phase.

Loss of postural may be more progressive, the latter being inde-
pendently responsible for insidious loss of strength '2. Exoskeletons
could theoretically prevent this postural instability over time by lock-
ing the operator’s position and/or providing feedback regarding the
correct angulation of the rescuer/patient pair.

On the patient side, it is interesting to note that the chest may
also become softer after prolonged CPR, possibly reducing the need
for mechanical support over time. This may be due to sternal frac-
tures or softening of the costal cartilage due to cumulative pressure,
thus changing the force required after prolonged CPR '%. In conclu-
sion, servo control would probably be essential to avoid under- or
over-assistance, both of which are associated with poor results.

Issues related to the exoskeleton design

Without going into detail, the design of such a device would impose
many constraints on engineers. Obviously, its structural design
would have to be able to withstand the high mechanical load. It would
also be necessary to decide whether the exoskeleton should be pas-
sive or active.

Passive exoskeletons offer significant advantages over active
systems due to their simplicity, reliability, and comfort. Without the
need for actuators or batteries, passive systems are lighter, less
complex, and avoid the control challenges and safety risks of pow-
ered exoskeletons. In addition, passive exoskeletons prioritize user
comfort and freedom of movement, making them ideal for dynamic
tasks where agility is essential, such as in industrial or medical envi-
ronments. In the literature, passive exoskeletons have been pro-
posed as a way to address these issues by reducing the muscular
effort associated with compressive movements and maintaining
proper posture during physically demanding tasks.'®2°

Active exoskeletons are more complex to develop. Power is an
issue, especially for outdoor use. Preliminary calculations suggest
a very demanding requirement of 100 or 200 Newton (to partially
support the 500 N effort) for each compression.

Other considerations such as weight, actuators, joint flexibility,
real-time modulation, adaptation to variations in user size, safety
hazards and storage need to be taken into account.

By way of illustration, a recent prototype developed by our
research team is shown in Fig. 1, with detailed specifications in
Table 1.

The barrier of real-life implementation: The example of
mechanical devices

Entrusting mechanical power to a machine to partially or totally exe-
cute chest compression is not new, but is historically half-hearted
efficiency. Beyond primary efficacy, additional factors are to be con-
sidered and could possibly represent implementation pitfalls in the
early chain of resuscitation. Influence of factors such as user’s
safety, time of installation, training, maintenance, storage for exam-
ple can all together impair the initial benefits of any device. Exoskele-
tons should also not impair the operator's ability to switch and
perform other tasks related to the resuscitation procedure.

Fig. 1 - Proof of Concept of hybrid exoskeleton for
enhanced chest compression.

Regarding mechanical devices efficiency, implementation factors
can partially explain the mismatch between favorable pre-clinical
studies and large studies where benefits over manual compressions
are clearly identified. Some studies show that mechanical compres-
sion devices can take a long time to be installed on the patient (sev-
eral tens of seconds), during which time the patient no longer
benefits from chest compressions. However, interruptions of com-
pressions must be avoided at all costs during cardiopulmonary
resuscitation because they reduce the survival rate and success rate
of defibrillation.® This seems to be a critical implementation point for
these tools, not to mention their weight (8 kg for the LUCAS-3).

A recent meta-analysis®' confirmed that mechanical devices for
chest compression also probably induced a higher incidence of
over-assistance — compression related injuries (rib or sternal frac-
tures, and sometimes life-threatening injuries such as pneumothorax
or liver damage) compared to manual compressions. They also
failed to show improvement in survival rates and good neurological
outcomes.

As a consequence, the ILCOR and ERC 2021 Guidelines®® did
not recommend general use of automated mechanical chest com-
pression devices but did suggest that such solution are a reasonable
and valid alternative when sustained high-quality manual chest com-
pressions are impractical or compromise. These situations can
occur: in pre-hospital settings when cardiac massage is performed
in cramped conditions (on board an ambulance or a helicopter for
example) 23, in intra-hospital settings when access to the patient is
difficult. (For example when the patient is installed for an invasive
medical procedure where space is cluttered with heavy equipment
(scanner, coronary angiography room). Use of these automated
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Table 1 - Literature-based specifications for an exoskeleton dedicated to chest compressions assistance.

Criterion Requirement Reference
Ergonomics Lightweight, user-friendly, quickly deployable, requiring minimal training So BCL et al., 2020
Architecture Human anatomy mimic for intuitive use

Compression Control
Force Variation Control
Muscle Activity
Improvement
Lumbar Disorder
Prevention
Hemodynamic Impact
impairment

Servo-control of compression force, depth, and frequency

Control of compression force variation to reduce risk of ribcage injuries
Reduce back load and improve muscle activity in thoracic and lumbar regions
Passive or active support to enhance posture and balance

Maintain optimal chest wall mechanics to prevent intrathoracic hemodynamic

Gao et al, 2016
Azeli et al., 2022
So BCL et al., 2020

Jones and Lee,
2005
Azeli et al., 2022

mechanical devices is limited to specialized prehospital resuscitation
teams or emergency medical services, as they require training, and
maintenance. The development of an exoskeleton should avoid all
these implementation barriers.

Conclusions

Effective manual chest compressions in out-of-hospital cardiac
arrest require rescuers to deliver sufficient mechanical force and
maintain posture for extended periods of time. Due to many factors,
this goal is often not achieved and compromises the likelihood of a
positive neurological outcome. Conceptually, the design and devel-
opment of exoskeletons dedicated to this specific and repetitive effort
could theoretically provide a valuable solution. The exoskeleton
would assist the bystander through two functionalities: physical aug-
mentation and dynamic posture stabilization. In addition, powered
exoskeletons could provide force modulation and real-time monitor-
ing of several key parameters of the procedure, such as the power
delivered to the chest and the frequency, although these functions
add complexity to the design. The prospect of an easy-to-use device
could also enable people who are traditionally prone to rapid loss of
efficacy due to fithess related factors (children, the elderly or dis-
abled) to perform chest compressions.

However, there are many limitations and pitfalls in designing an
ideal chest compression device due to the nature of chest compres-
sions (high frequency, high mechanical load) and the diversity of
potential users. Specifications should take into account the risk of
under- and over-assistance provided by an exoskeleton, as well as
the real-life implementation issues encountered with previous man-
ual or automated chest compression devices.

Future technical and clinical studies are needed to draw conclu-
sions about the potential benefits of implementing a device that
has been shown to be effective in other human activities.
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